Introduction
Vagus nerve stimulation (VNS) is an adjunctive treatment in patients with refractory focal and generalized epilepsies. VNS belongs to the group of so-called palliative surgical procedures used to treat refractory epilepsy. VNS is not an alternative of resective surgery and is indicated only in patients in whom the resection is not possible. Since the first human implantation of VNS device in 1988, reported by Penry, 1 more that 55 000 patients have received VNS therapy worldwide. The efficacy of VNS in treating epilepsy has been demonstrated in numerous studies. The first two major studies were titled E03 and E05, which were multicenter, double-blind, and randomized trials. In both studies high frequency stimulation (30 Hz) and low frequency stimulation (1 Hz) were compared. Patients receiving low frequency stimulation constituted the control group. Both these studies were short-term, each lasting 3 months. Respectively, 114 and 199 patients were randomized and implanted. In both studies, mean seizure reduction was significantly higher in the high frequency stimulation group than in the low frequency stimulation group (24.5% and 6.1% in E03 and 28% and 15% in E05). Similarly, the number of responders (patients with ! 50% seizure reduction) was significantly higher in the high stimulation group in both studies. 2, 4 Although these types of studies are fundamentally necessary for the establishment of indication of the treatment, they have numerous limitations. The effect of VNS as a long-term treatment of epilepsy was definitively demonstrated by evaluating the results of all patients from 5 open prospective long-term clinical trials. The aggregate responder rate of these studies (n = 440) was 43% at 3 years. 5 In addition to its demonstrated efficacy in focal epilepsies, other studies have shown that VNS has positive effects on various types of generalized seizures and epilepsies, including idiopathic generalized epilepsy and Lennox-Gastaut syndrome. [6] [7] [8] [9] Among Seizure 18 (2009) All of them demonstrated positive long-term effects of VNS in patients with various types of epilepsy. Some of these studies included patients pooled from centers in different countries. [11] [12] [13] In this study, we pooled the retrospective data for all patients implanted with VNS in the Czech Republic with a follow-up of 5 years.
Methods
This study was retrospective, multicenter, and open-label. It was designed as a retrospective audit of efficacy and tolerability of VNS during long-term stimulation. The data were collected from the documentation of physicians in Czech epilepsy centers. We obtained data, which reflect common clinical practice in managing VNS treatment in epilepy patients. All patients were implanted between August 1997 and April 2002. The data were collected in May and June 2007.
Patient population
The following epilepsy centers participated in this study: Epilepsy Center Brno; Epilepsy Center Na Homolce HospitalPrague; Neurology, Epileptology and Neuropsychiatry Department, Na Františku Hospital, Prague; Centre for epileptology and epileptosurgery, Thomayer's Teaching Hospital, Prague; Neurology Department, Charles University, Second Faculty of Medicine, Motol Hospital Department of Pediatric Neurology, Charles University, Second Faculty of Medicine, Motol Hospital.
All patients suffered from refractory epilepsy and all were not candidates for resection surgery at the time of implantation of VNS.
We performed an efficacy analysis of the whole cohort and a subanalysis of patients younger than 16 years.
The data collected for this study were based on seizure diaries and patient's files collected in each individual department. These data included basal demographic data, type of epilepsy, type of seizure, seizure frequency, change of AED treatment in the time of stimulation, stimulation parameters and adverse events.
We did not established any specific inclusion criteria. All patients implanted between August 1997 and April 2002 were included.
Vagus nerve stimulation
The implantation procedure was performed in all centers in the standardized manner and under general anesthesia (two incisions procedure). VNS Therapy Systems 100 and 101 were used in all patients. During all implantation procedures, the impedance was tested by the use of a standardized lead test of the VNS pulse stimulator. Reimplantation of the pulse generator was performed under the local anesthesia. VNS Therapy System 102R was used in all ''reimplanted'' patients.
Outcome evaluation
The primary objective of this retrospective study was to evaluate the efficacy of VNS in reducing various types of epileptic seizures after 1, 2 and 5 years of stimulation. Only patients who received stimulation for 5 years and longer were included in the analysis. The monthly seizure frequency was counted from patients' seizure diaries at the preoperative visit; follow-up visits 1, 2, and 5 years after the onset of stimulation. The mean monthly seizure frequency at baseline and each follow-up visit was the mean seizure frequency of the previous 3 months. We recorded the seizure reduction at each follow-up visit for all patients and the responder rate for each follow-up visit.
According to the effect of VNS, patients were assigned to one of four outcome groups:
Seizure-free, !90% seizure reduction, !50% seizure reduction, Seizure reduction <50%, no change, or worsening of the seizure frequency.
The patients in groups 1, 2 and 3 were considered responders, and the patients in group 4 were considered to be nonresponders.
Secondary outcomes of this study were the following parameters: effect of magnetic stimulation administered by the patient or caregiver in aborting seizures and complications and clinically significant adverse effects.
Statistics
We performed a statistical analysis of the change in seizure frequency at predefined visits. Wilcoxon signed ranks test was performed to evaluate the differences between individual visits. SPSS 13.0 was used to perform the statistical analysis. P < 0.01 was considered to be statistically significant.
Results

Patient population
Ninety patients (50 men, 40 women) were included in the study with a mean follow up of 6.6 AE 1.1 years. At the time of initial evaluation, the age ranged from 13 to 64 years with a mean of 36.3 years. Epilepsy surgery had been attempted with unsatisfactory results in 23 patients. The age of the onset of epilepsy ranged from 1 month to 45 years with a mean 10.2 years, and the duration of epilepsy at the time of evaluation ranged from 11 to 56 years with a mean of 26.3 years.
Fifteen patients were younger than 16 years at the time of VNS implantation. This subgroup of 15 children consisted of 9 males and 6 females, aged from 7 to 16 years with a mean of 11.7 years in the time of implantation. Three of the children had received a diagnosis of Lennox-Gastaut syndrome.
The preoperative investigation identified the symptomatic etiology in 54 patients, but the etiology was cryptogenic in the remaining 36 patients. None of the patients had idiopathic focal or generalized epilepsy. We were also able to determine the probable localization of the seizure onset zone during the preoperative investigation (via magnetic resonance imaging [MRI] and videoelectroencephalogram [EEG] monitoring). Thirty patients had temporal lobe epilepsy, 26 patients (28.9%) had frontal lobe epilepsy, 26 patients (28.9%) had multifocal seizure onset, and 6 patients (6.7%) had another localization of seizure onset (4 patients had generalized epilepsy, 1 patient had parietal lobe epilepsy, 1 patient had operculo-insular epilepsy). We were not able to identify the precise localization of seizure onset in two patients (2.2%).
Forty-three patients (47.8%) experienced both partial seizures and generalized tonic-clonic seizures. In 20 patients (22.2%), we analyzed the effect of VNS on partial seizures only. Four patients (4.4%) experienced generalized tonic-clonic seizures only, 5 patients (5.5%) experienced other types of generalized seizures, 6 patients (6.6%) experienced both generalized tonic-clonic and other types of generalized seizures. The remaining three patients (3.3%) experienced partial, generalized tonic-clonic, and other types of generalized seizures.
In the group with other types of generalized seizures, one patient experienced absence seizures, one patient experienced tonic seizures, one patient experienced myoclonic seizures, and one patient experienced atonic seizures. In addition, six patients experienced a combination of more than one of these seizure types, and four patients experienced seizures that were unclassified.
In 6 out of 90 patients, the seizures occurred in clusters and could not be counted. These patients were included only in the analysis of responders and nonresponders.
Percentage seizure reduction
All 90 patients were evaluated at the preoperative visit. We evaluated 88 patients after 1 year of VNS treatment, 87 patients at 2 years and 85 patients at 5 years follow-up visit. A total of five patients discontinued VNS treatment before 5 years follow-up visit. The individual reasons for discontinuation were: death after complicated status epilepticus, explantation of VNS device because of lack of efficacy at pulse generator end of service, early explantation because of local inflammatory complication, resective reoperation, and switching off the VNS pulse generator because of worsening seizures.
The seizure reductions between the preoperative visit and all follow-up visits were statistically significant for patients in all seizure type groups. The seizure frequency ranges and means for all seizure types and seizure type groups separately and the results of statistical analyses are displayed in Table 1 . Fig. 1 shows the longitudinal decline compared to baseline (i.e., at the preoperative visit) of seizure frequency in all seizure types.
Responder rates
After 1 year of VNS treatment, none of the patients were seizure-free, 3 patients (3.3%) experienced !90% seizure reduction, and 37 patients (41.1%) experienced !50% seizure reduction. In total, 40 patients (44.4%) were responders, 48 patients (53.3%) were nonresponders and 2 patients (2.3%) discontinued VNS.
The follow-up visit after 2 years was characterized by an increase in responders to VNS. Three patients (3.3%) were seizurefree, 2 patients (2.2%) experienced !90% seizure reduction, and 48 patients (53.2%) experienced !50% seizure reduction. In total, 53 patients (58.9%) were responders, 34 patients (37.8%) were nonresponders, and 3 patients (3.3%) discontinued VNS.
A further increase in responders to VNS occurred after 5 years. Five patients (5.5%) were seizure-free, 9 patients (10%) experienced !90% seizure reduction, and 44 patients (48.9%) experienced !50% seizure reduction. In total, 58 (64.4%) patients were responders, 27 patients (30.1%) were nonresponders, and 5 patients (5.5%) discontinued VNS.
A summary of responder rates to VNS at predefined follow-up visits is displayed in Fig. 2 . 
Group of children
Fifteen patients, in this population were 16 years of age or younger at VNS implantation. In 6 out of 16 children the seizures occurred in clusters and could not be counted therefore we only analyzed the response rate in this group (Fig. 3) . After 1 year of VNS, seven patients were classified as responders, seven patients were classified as nonresponders, and one patient left the study. The number of these patients who responded to VNS dropped after 2 years of stimulation. At this follow-up visit, 4 patients were classified as responders, 10 patients as nonresponders, and 1 patient left the study. After 5 years of VNS, the number of responders increased to seven patients, the number of nonresponders decreased to seven patients, and one patient left the study. None of these experienced seizure freedom or !90% seizure reduction after 1, 2, or 5 years of VNS. A summary of responder rates to VNS at predefined follow-up visits in children is displayed in Fig. 3. 
Adverse effects
Adverse effects were evaluated in all 90 patients (Table 2) . Intermittent hoarseness during active stimulation was not considered to be an adverse effect. Adverse effects were present in 12 patients (13.3%).
VNS and stimulation parameters
Chronic stimulation began within 4 weeks of surgery. In all patients, the baseline output current was 0.25 mA. The output current was increased for each patient according to clinical status and adverse events. The follow-up visits were conducted individually. Other parameters were set based on the standardized recommendation: frequency of 20 or 30 Hz, pulse width of 250 or 500 ms, and an on/off cycle of 30 s ON and 3 or 5 min OFF. The on/ off cycle was also changed based on the clinical condition in each patient.
Reimplantation of the pulse generator had been performed in 44 out of 90 patients. The reason of reimplantation in all of these patients was the end of service of the VNS pulse generator. Explantation of the VNS system was performed in three patients because of lack of efficacy at the pulse generator's end of service. Also, the explantation of one patient's pulse generator was followed by delayed reimplantation because of a local inflammatory complication.
Stimulation parameters were analyzed at the latest follow-up visit in 87 patients. The range of the output current was between 0.5 and 2.25 mA with a mean of 1.43 AE 0.41 mA. The range of the duty cycle was from 10% to 35% (from 30 s ON/5 min OFF to 30 s ON/ 1.1 min OFF). The most frequent duty setting (n = 20) was 30 s ON/ 3 min OFF (duty cycle 16%).
Magnet stimulation
During the interview at the last follow-up visit, 35 patients (38.9%) reported that self-managed activation of the generator with the VNS magnet at the time of seizure onset led to suppression or shortening of the seizure.
Changes in antiepileptic drug (AED) treatment
Changes in AED treatment during long-term VNS stimulation were analyzed retrospectively at the last follow-up visit. Only two patients (2.2%) were not evaluated. No patient was completely withdrawn from AED treatment. In 9 patients (10%), at least 1 AED was withdrawn, and in 10 patients (11.1%) no change of AED treatment occurred. In 69 patients (76.7%), an increase of the current treatment or add-on therapy to the next AED occurred.
Discussion
Several studies have analyzed the long-term efficacy of VNS. The range of mean follow-up was from 20 months to 7 years and the range of included patients from 20 to 138 patients. 11, 12, [14] [15] [16] [17] From this point of view, our study is one of the longest and most extensive open-label studies which have been published. Only Spanaki et al. 16 has also restricted its patient population to those with follow-up of longer than 5 years. The primary outcome of this study was the efficacy of VNS. The median number of seizures in the whole group gradually decreased from 41.2 seizures/month in the prestimulation period to 14.9 seizures/month at the 5 years follow-up visit. Therefore, the mean seizure reduction at the 5 years follow-up visit was 55,9%.
Other long-term open label studies provide similar response results. Morris and Mueller, who analyzed all patients enrolled in the VNS pivotal studies E01-E05, reported a mean seizure reduction of 43% after 3 years. 5 Similar results were reported by other authors. 15, 17 Our study is comparable to a recent Belgian study, which reported a reduction of overall monthly seizure frequency of 51% at a mean follow-up of 44 months. The mean number of seizures in this study was reduced from 41 seizures/ month at preimplantation to 7 seizures/month at last follow-up.
11
Probably the highest reduction in seizure count was reported by Spanaki et al. 16 This study also included only patients with followup longer than 5 years. They reported an overall seizure reduction of 72% (n = 28). 16 The overall seizure reduction reported in our study is consistent with previously published studies.
The responder rate in our study is consistent with the decrease of overall seizure frequency. The response rate increased from 44.4% after 1 year of VNS to 64.4% after 5 years of stimulation. The range of responder rates at the last follow up visit in previously published open label studies varied from 44% to 59%. 11, 12, [14] [15] [16] [17] The percentage of patients experiencing !90% seizure reduction ranged from 3.3% after 1 year of VNS to 15.5% at the 5 years follow-up visit. Similarly, the number of patients who experienced seizure freedom ranged from 0% after 1 year of VNS to 5.5% at the 5 years follow-up. Seizure-free rates in other studies varied from 2% to 9%. 11, 12, 14, 15 Our study also included an analysis of the effectiveness of VNS to particular seizure types. Fig. 1 shows the gradual decrease of seizure frequency of all evaluated seizure types. We report decreases in the mean number of partial seizures from 34.2 to 14.3 seizures/month, generalized tonic-clonic seizures from 6.5 to 1.9 seizures/month, and other types of generalized seizures from 52.1 to 11.1 seizures. This consistent reduction of individual seizure types was parallel with the decrease in all seizures. In agreement with our study, almost all published data analyzing the long-tem outcome of VNS report improved outcomes over long periods of time. 5, 11, 12, 14, 16 The analysis of patients younger than 16 years of age at VNS implantation demonstrated lower response rates in comparison to the whole group. Data about the efficacy of VNS in children are less extensive than in adults. Morris and Mueller published one of the largest studies on a preadolescent epileptic population suffering from partial and generalized tonic-clonic seizures. They reported an overall seizure reduction to 42% at the last follow-up in 46 patients. 5 Adverse effects occurred in 13.3% of patients in our study, including three patients in whom the stimulating electrode was interrupted due to a mechanical injury. Local complication occurred in three patients and was the reason for explantation in one patient. Intolerable hoarseness or cough were present only in three patients. This numbers confirm that VNS is a relatively safe procedure. Other studies provide similar rates. 14, 23 On-demand activation of the generator via a magnet may improve quality of life in some patients. It is difficult to measure the efficacy of such stimulation. Our interviews found that 38.9% patients reported that manual activation of VNS usually led to shortening or aborting seizures. Murphy et al. found that about 50% of their pediatric patients benefitted from on-demand activation of the generator. 21 No patient was completely withdrawn from AED treatment and in most of the patients an increase of the current treatment or addon therapy to the next AED occurred. De Herdt et. al demonstrated that the mean number of AEDs remained unchanged after several years of stimulation. 11 This data demonstrate that VNS should be considered as a palliative surgical procedure. Implantation and the onset of chronic stimulation do not replace AEDs. Other add-on therapies are needed in most patients.
The stimulation parameters of our study paralleled those of controlled studies. [2] [3] [4] We did not analyze the efficacy of rapid cycling. In general, rapid cycling has been studied in patients who have not responded to VNS, and in almost all cases rapid cycling did not lead to long-term efficacy. 11, 15, 24 The mean output current in our cohort was 1.43 at the last follow-up visit. The value of this output current is lower than in some other studies, although the results are similar. 11, 14, 22 The recent study by Bunch et al. concluded that output current is not the major determinant of acute response to VNS. 25 Rigorous data showing the relationship between chronic response to and stimulation parameters of VNS are still missing.
In summary, our study shows that VNS is an effective and safe method to refractory epilepsy in common clinical practice. Our multicenter, open-label study examines the practical, long-term management of VNS.
